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Field emission photoeathode array for lithography system and lithography system 
provided with such an array. 

Field of the invention 

The invention relates to using an electron source for producing at least one elec- 
tron beam directed towards and focussed on an object to be processed, the electron 
source comprising at least one field emitter. 

The invention also relates to a lithography system provided with 3; 
verter element. 


Prior art 

Converter elements tor use in lithography systems, and designed to convert a 
light beam into a beam of charged particles are known from WO98/54620. The purpose 
of these converter elements is to provide a better resolution (0.1 urn or less) m such 

1 5 systems than was possible with prior art systems without such converters in which the 
resolution was entirely determined by the wavelength of the light beam used. 

First of all a description of such a system as described in WO98/54620 is given. 
To that end, reference is made to Figure 1. 

The background of the system described in WO98/54620 is as follows. 

20 Imagine that there is provided a known deep-UV lithography tool (i.e., wave- 

length 193 nm or less) for the 0.13 pm generation with a "traditional" 4 x mask for ob- 
taining the 0.1 pm generation. Then, at a wafer surface, each 0.4 pm "pixel" of a mask 
is focused to a spot of 0.13 pm. Since the distance between pixels at the wafer must be 
0.1 pm, there is a mixing of information between neighbouring pixels because the spots 

25 of 0.13 pm overlap each other. If we could sharpen up this 0.13 pm spot, this machine 
would be ready for the 0.1 generation. The sharpening up, or enhancement of reso- 
lution, cannot be done after the mixing of information has occurred. 

According to one embodiment described in WO98/54620 only one pixel of the 
mask is illuminated. Then there is only an isolated spot of 0.13 pm at an imaginary 

30 wafer plane. At the location of the spot in the imaginary wafer plane a converter ele- 
ment, for example in the form of a photoeathode of size 0.1 pm, or a photoeathode with 
a metallic aperture of diameter of 0.1 pm on top, is positioned. Such a photoeathode 
provides an electron source that may have a diameter of 0.1 pm. The photoeathode that 
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is obtained in this way is imaged with magnification factor 1 onto the water m a real 
wafer plane spaced from the photocathode. 1 his can he done either with acceleration 
inside a magnetic iield or w ith a small accelerating electrostatic lens. I he next step is to 
move the mask. e.g.. 0.4 }.m in order to illuminate an adjacent pixel on the musk while, 
at the same time, moving the wafer 0.4 4 - 0.1 - m in order to have the adjacent pixel 
en the wafer written. In such a way. the mask pattern is transferred to the wafer with 
the required resolution. 

1 lowever, it would take a long time to write a whole wafer with this single beam. 
However, the principle is the same when many pixels are written simultaneously. 
Iherefore. a multiple heamlet embodiment can also be used. In theory, the distance 
between separate beams at the wafer surface needs only to be as much as the point 
spread function. In practice, certainly when electrostatic focusing is used, the fabrica- 
tion technology of the photocathode/lens array will determine the minimum distance. 
I he number of beams is estimated to be in the order of 10°- 10 s . 
]5 Sllch a multiple beamlet embodiment shown in Figure 1. A light source (not 

shown) produces a light beam 13, preferably in deep UV. The light beam 13 impinges 
on a micro lens array 1 having lenses 2. The light beam 13 is as it were divided in 
heamlets 12, of which only one is shown for the sake of clarity. However, in practice 
there may as much as }(f - 1 0 8 heamlets 12. The lens 2 focuses the heamlet 12 on a 
20 mask 3 with spots of, e.g., 400 nrn diameter. Each light beamlet 12 leaving the mask 3 
passes a Jemagnifier 14. which is schematically indicated by lenses 4 and 5 and an 
aperture 6. However, other types of demagnifiers known from the prior art may be used 
instead. By the dcmagnifier 14 the heamlets 12 are focused on a converter plate 7 hav- 
ing converter elements X of which only one is indicated. It; as disclosed bv 
2^ WOOS/54620. the converter plate 7 is constituted by a photocathode having a plurality 
of apertures a plurality of electron heamlets 15 (only 1 being shown in Figure 1) is 
generated. The electron beamlet 15 originates from the aperture and passes through 
focusing means, indicated schematically by a lens 9. Finally, the electron beamlet 15 
impinges on the wafer 10 in wafer plane I 1. 


" :n - ^'"^ld :v arranged at random on die wafer 1 o. In an emhodunenT di.uvi 

igure 2. the wader pixels are arranged in lines and columns and T K' -sggggi — J " • • 
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tion STAN differs from the direction of the lines of pixels. 

The resolution is enhanced by sharpening up pixel by pixel, using a photo- 
cathode with very many apertures. This known technology is called "Multiple Aperture 
Pixel by Pixel Enhancement of Resolution" or "MAPPER" technology. It can be 
thought of as traditional projection lithography in which the mask information is split 
up and transferred to the wafer sequentially. It can also be thought of as multiple micro- 
column lithography in which the electron sources are blanked by the mask. 

WO98/54620 suggests that the photocathode could be replaced by an array 01 
field emitters. However, by that time it was thought that this could only be achieved by 
providing for each field emitter individual control by light switches on which the light 
beamlets impinge. I his is a complex arrangement. 

Summary of the invention 

It is an object of the invention to provide a field emitter photocathode array tor a 
lithography system that can be produced relatively easily and can produce electron 
beams originating from a very small area. 

To that end, the invention provides a use as defined at the outset, wherein the electron 
source comprises a semiconductor layer with at least one tip, and the use includes the 
steps of: 

♦ receiving light by the semiconductor layer; 

♦ exciting electrons to a conduction band by the light within said semiconductor layer 
by a photo-electric effect; 

♦ accelerating the electrons in the conduction band towards the at least one tip and 
tunnelling them outside the at least one tip in order to generate electrons for said 
electron beam. 

During their research carried out to find a suitable structure from a suitable 
material, the inventors found that they had to look for a material with the following 
properties: 

♦ the material should exhibit a field emission effect; 

♦ the material should be able to convert light beamlets with a wavelength of, 400 nm 
or less, e.g., 193 nm, into charged particles with a relatively high conversion factor; 

♦ the material should allow to manufacture a converter plate with a plurality of 
charged particle sources of very small size, i.e., for instance 100 nm or less, 
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preierably 5(1 nm or less, in diameter, and far enough apart to prevent o\er!ap of 
adjacent charged panicle beams to prevent mixing of information; 

♦ the charged particle sources should he capable of being switched on and off by 
switching on and off the light beamlets impinging upon the charged particle sources 
with a frequency of, e.g., 2 Mil/ or more: 

♦ the charged particle sources should be very stable and capable of resisting relatively 
high pressures, e.g., pressures higher than UP mbar. 

It turned out that such a material of suitable structure had already been proposed 
tor another field of technology, i.e., the field of image-tubes, a long time ago. The in- 
ventors found that a semiconductor field emission array for image-tubes as disclosed by 
Schroder e.a. in the beginning of the seventies in "The semiconductor fiekf emission 
photocathode", IhhT Transactions on Electron Devices, Vol. f D-21, No. 12, December 
l c >74, could meet these requirements and, thus, advantageously be used in the recently 
developed MAITKR lithography concept, referred to above. 
l> Moreover, it is a further object of the invention to provide a lithography svstem 

provided with such a field emitter photocathode array. 

rherelore, the invention also relates to a lithography system comprising an elec- 
tron source for receiving light and converting light in at least one electron beam 
directed towards and tocussed on an object to be processed, electron source comprisirm 
20 at least one Held emitter, wherein the electron source comprises a semiconductor layer 
with at least one tip, and the lithography system being arranged to: 

♦ receive the light by said semiconductor layer; 

♦ excite electrons to a conduction band by the light within the semiconductor layer by 
a photo-electric effect; 

2:> ♦ accelerate the electrons in the conduction band towards at least one tip and tunnel 
them outside at least one tip in order to generate electrons for electron beam. 
Advantageous embodiments of the invention are defined in depending claims. 

Krief description of the drawings 


1 U ,UIV [ -n^u , ^chematKall> a hth»>graph\ a /en: acc^rdme the pii^r ip 
^ Inch the field emitter photocathode array can fv used: 
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Figure 2 shows an example of a scanning direction of pixels on a wafer to be 
lithographed; 

Figure 3 shows a Scanning Electron Microscope image of a p-type silicon wafer 
with an array of tips; 

5 Figure 4 shows schematically the operation of a semiconductor Held emission 

array as shown in Figure 3 in a MAPPFR setup; 

Figure 5 shows a hand energy scheme of a semiconductor field emission array as 
shown in Figure 3; 

Figure 6 shows the current on a logarithmic scale flowing from a tip of a semi- 
10 conductor field emission array as shown in Figure 3, as function of the inverse voltage 
across the tip. 

f igure 7 shows an embodiment of the semiconductor field emission array made 
of a very thin layer. 

Figures 8a, 8k 9a, and 9b show several energy band curves for an interface layer 
1 5 between a semiconductor layer and a supporting layer; 

Figures 10a and 10b show holes in the semiconductor layer to prevent cross talk 
between adjacent electron sources. 

Description of preferred embodiment 

20 Figures 1 and 2 have been explained above. 

In accordance with the invention the converter plate 7 comprises a semiconduc- 
tor field emission array as shown in Figure 3. Figure 3 shows a plurality of tips on a p- 
doped silicon substrate. The image has been made by means of a Scanning Electron 
Microscope (SEM). The silicon wafer was sized 5 mm x 5 mm. 81x81 tips were 
25 etched on the wafer surface. The tips shown were spaced about 8 pm whereas their 
height was about 4 pm. Of course, these figures are only examples. To further enhance 
the resolution on the wafer 10 to be processed, it is envisaged that the tips may be 
located closer to one another than 8 pm. 

The front surface from the tips, from which the electrons leave the silicon, have 
30 a diameter of preferably less than 100 nm, even more preferably less than 50 nm. 

Figure 3 shows conically shaped tips. However, the invention is not limited to 
such a shape. The tips may have a rectangle or other shaped cross section, or be shaped 
like a sphere. 
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A structure a shown in Figure 3 has been disclosed by Schroder e.a. referred to 
abo\e. It lias the following characteristics: 

♦ field emission is limited by the availability of electrons in the operating regime; 

♦ electrons are excited from the valence band in the conduction band by photons from 
the impinging beamlets 12: 

♦ tunnel probability approaches 1; 

♦ due to Held penetration in the tips the sources are less sensitive for pollution than 
metallic emitters. 

figure 4 shows the operation of the semiconductor field emission array 7 in 
more detail. I he array 7 comprises a supporting substrate 17, e.g.. made of Pvrex, but 
any other suitable material can be used. The supporting substrate must be made fiom a 
material that has a very low absorption factor for the wavelength of the light beamlets 
12. f or instance, when UV light is used the material may be quartz. On top of the sup- 
porting substrate 17 a semiconductor point array layer 16 is provided, preferably made 
ol p-doped silicon. However, by applying another semiconductor material the bandgap 
between the valence band and the conduction band may be tuned to the wavelength of 
the light beamlets 12 used. 

1 he structure shown in Figure 4 is used in the transmissive mode, i.e.. light 
beamlet 12 impinges on the supporting substrate 17. The material used for the sup- 
porting substrate must be transparent to the wavelength of the light used. The photons 
from the light travel through the supporting substrate 17 and reach the semiconductor 
layer 16 where they will generate electrons, as will be further explained with reference 
to Figure 5 below. 

lhe electrons leave the silicon layer 16 substantially at the front surface of the 
tips h>. An external (constant) electrical and magnetic field 18 accelerate the electrons 
and focus them on the wafer 10 to be processed. The electrical and magnetic fields are 
preferably directed in parallel from the silicon layer 16 towards the wafer 10 to be 
processed. 

Although f igure 4 shows light beamlets 12 inipinginu on the converter nhv ~? -m 


• ' [ - 1 ' ^ ' • Hie generated electron. ma\ be accelerated and focir-cd hv 
mean.-,, as | S known to persons skilled in the art. 
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Fiaure 5 shows the energy hands of the silicon layer 16. 'I he vertical axis shows 
the energy and the horizontal axis shows the position within the silicon layer 16. I he 
most rele\ ant energy bands are shown: 

♦ E c energy of the conduction band; 
5 ♦ E v r energy of the valence band: 

♦ - energy of the Fermi level, which is between E c and E v . 

The vertical line at the right hand side of the energy bands corresponds to the 
boundary of the tip 10 at the interface with the external vacuum. The most right 
bevelled line corresponds to the external electrical held. Its inclination is determined by 

10 the strength of the external electrical Held. 

Since the conversion material is made from a semiconductor there are few elec- 
trons in the conduction band E c . By illuminating the semiconductor with light a photo- 
electric effect occurs within the semiconductor material. A photon excites an electron 
from the valence band E v to the conduction band E c . 

15 Figure 5 shows that the energy bands are curved at the outside surface of the tips 

10. This is caused by the external electrical Field that penetrates the semiconductor 
material. The curved energy bands cause electrons, indicated with V\ in the conduc- 
tion band E c to be accelerated towards the interface of tips 19 and the external vacuum. 
During their acceleration within the semiconductor material, these electrons may excite 

20 further electrons from the valence band to the conduction band. On the other hand, 
some of the electrons will fall back to the valence band. Including this latter effect, still 
an efficiency of 1 for the conversion of electrons per photon may be obtained. At the 
same time, holes, indicated with n h", left behind in the valence band Ey are accelerated 
in the opposite direction. When a high external electric field is applied there is a high 

25 change for electrons in the conduction band E c to tunnel from the material towards the 
external vacuum. 

The electrical current thus generated by the impinging photons is mainly deter- 
mined by the availability of electrons in the conduction band E c and less by the external 
electrical field strength. 

30 Figure 6 shows the electrical current generated by the impinging photons on a 

logarithmic scale as a function of the voltage across the tips 19. The voltage is shown 
on an inverse scaled i.e., the voltage increases going from right to left. 

Figure 6 show s that, starting at the right hand side of the curve, when the voltage 
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increases above a certain first threshold the log cuitcih starts to deviate from a straight 
hue and smooths to a more or less constant level. When the voltage increases further 
above a second threshold the log current increases sharply and returns to the original 
straight line. 

In the region where the lot: current is smoothed the actual log current strength 
depends on. for instance, temperature and the amount of light i n the beamlets 12. 
Iherefore. in this region the current strength can be controlled by the impinging Imht. 
I his effect is discussed in detail in the article of Schroder e.a. referred to above. 

Preferably, light is used having a wavelength of 400 nm or less, e.u., 1 1 >3 nm. 
I he pressure within the system shown in Figure 1 may be higher than 10" 7 mbar. 
Fven with such a relatively high pressure, the converter element 7 is stable. 

In Figure 7 an embodiment of the semiconductor emission array 7 is shown with 
a thickness of typically 100 nm or less. Typically the thickness of the semiconductor 
emission array 7 may be 20-30 pm, however, by making the semiconductor layer 7 so 
1> thin, electrons generated at the side that is illuminated by the beamlets 12 have either 
themselves a higher change of reaching the tips 19 or generate secondary electrons by 
collisions with semiconductor atoms that may reach the tips 19. I herefore. the em- 
bodiment of Figure 7 improves the efficiency of the converter element 7. 

figure 8a shows how the valence bands (lower curve) and conduction bands 
20 (upper curve) within a quartz substrate 17 and the semiconductor layer 16 will be as a 
function of location when these two layers are connected to one another. As shown, in 
an interface layer with a thickness of dl the band pattern shows a pit. The pit causes 
electrons generated in this interface layer to have great difficulty in flowing to the tip 
side of the semiconductor layer 16, thus decreasing the efficiency of conversion. 
^ efficiency can be improved by depositing the quartz layer 17 on the semi- 

conductor layer 16 very slowly in a controlled way. Then, the width of the interface 
layer will be decreased to d2 (d2 < dl). Such a smaller width d2 results in less electrons 
being trapped in the interface layer and, thus, more electrons being capable of reaching 
the tips 19 of the semiconductor layer 16. 


1 'iiMw.mepn m ihe interlace layer v.idi-ia ndi 1 1 ' ions being added Hiuire 

l 'a and l 'huts weii as figures Na and Shi are not on -vale but they id\e i fair m---.- i • 
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of the effects concerned. 1 he II* ions compensate the electron configuration in the 
interface Liver. Instead of If ions other atoms/ions may be used to provide this effect. 

In the Mapper system of Figure 1, it is important that each light beamlet 12 trig- 
gers only one electron beam via one tip l c > and does not trigger any of its adjacent tips 
5 19. This may be facilitated by removing material in the semiconductor layer 16 behind 
the tips 19. This may be done by making rectangular or other holes 20 in the semicon- 
ductor layer 16 surrounding the tips 19 as shown in figures 10a and I Ob. figure 10a 
shows a cross section through such a semiconducioi layer 16 whereas Figure IHh 
shows a top view. 

10 ] n order to prevent spherical aberrations from adversely affecting the imaging 

from electron sources on the object 10. a diaphragm may be located behind each of the 
tips 19. These diaphragms decrease the aperture angle from the electron beams at the 
tips 19. 

It is observed that the invention has been illustrated above with reference to its 
15 use in a multiple light beam lithography system as shown in Figure 1. However, the 
invention can also be used in other types of lithography systems. For instance, instead 
of modulating the beamlets 12 with mask 3, they may be modulated by modulating 
sources that produce them. Moreover, as a further alternative, the invention may be 
used in any single beam or multi-beam electron lithography system, e.g., an "electron 
20 beam direct write" system. Electron sources used in such systems should have the fol- 
lowing features: 

♦ very small source dimensions; 

♦ high current per electron source, i.e., high brightness; 

♦ high stability over time; 

25 ♦ large homogeneity between individual electron sources when a plurality of sources 
is used at the same time; 

♦ a large bandwidth, i.e., the sources must be capable of being switched on and off 
with a high frequency. 

All these requirements can be met by the semiconductor field emission array 

30 proposed here. 

In other types of lithography systems (not shown), then, the semiconductor field 
emission array 7 may, e.g., be illuminated by a single light beam 13. Then, no mask 3 
and demagnifier 14 are used. By illuminating the entire field emission array 7. all tips 
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o will generate electrons simultaneously. My means of alignment deilectors, each 
lection beam can be accurately positioned through a small blanking aperture on the 
eel 10 to be processed. Blanking electrodes may he used to turn the individual elec- 
tron beams on and off at the vicinity of the object 10 m order to write a desired pattern 
on the object surface. An example of such a multi-beam direct write electron beam 
lithograph) system in which the semiconductor field emission array 7 could be used is 
described in: Dot matrix electron beam lithography. I d I. Newman. R.l.W. Pease and 
W. DeVore. J. Vac Sci. Techno!. ML 1 >W ( l c >83). 


Claims 

1. Use of an electron source (7) in a lithography system for producing at least one 
electron beam (15) directed towards and iocussed on an object (10) to be processed, 
5 said electron source (7) comprising at least one field emitter, characterized in that said 
electron source (7) comprises a semiconductor layer (16) with at least one tip (19), and 
said use includes the steps of: 

♦ receiving light bv said semiconductor layer (16); 

♦ exciting electrons to a conduction band <H C ) by said light within said semiconductor 
10 layer (16) bv a photo-electric effect; 

♦ accelerating said electrons in said conduction band (E c ) towards said at least one tip 
( 19) and tunnelling them outside said at least one tip (19) in order to generate elec- 
trons for said electron beam ( 15). 

1 5 2. Use according to claim 1. wherein the lithography system comprises at least one 
microlens (2) to produce one light beamlet (12) directed to a mask (3) located in a mask 
location and an optical demagnifier (14) for demagnifying said light beamlet (12) by a 
predetermined factor and focusing the beamlet (12) on said electron source (7) 

20 3. Use according to claim 1 or 2, wherein said semiconductor layer comprises sili- 
con. 

4. Use according to claim 3, wherein said silicon is p-doped. 

25 5. Use according to any of the claims 1-4, wherein said at least one tip has a front 
surface with a diameter of 100 nm or less. 

6. Use according to claim 5, wherein said diameter is 50 nm or less. 

30 7. Use according to any of the preceding claims, wherein said semiconductor layer 
(16) comprises a plurality of tips (19). 

8. Use according to claim 7, wherein said plurality of tips have intermediate spaces 
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ol less than S um. 

9. \ se according to claim 7 or S. wherein said phiraht> of tips haw heights of S 
um or less. 

s 

10 1 Isc according to any of the preceding claims, wherein said electron beam (15) is 
generated by an electric field and foeussed by a magnetic Held. 

II. A lithography system comprising an electron source (7) for receiving lic.ht and 
10 converting said light in at least one electron beam (15) directed towards and foeussed 
on an object (10) to be processed, said electron source (7) comprising a t least one llckl 
emitter, characterized in that said electron source (7) comprises a semiconductor layer 
(16) with at least one lip ( 10), and said lithography system being arranged to: 

♦ receive said light by said semiconductor layer (16); 

1> ♦ excite electrons to a conduction band (E c ) by said light within said semiconductor 
layer ( 16) by a photo-electric effect; 

♦ accelerate said electrons in said conduction band (H c ) towards said at least one tip 
(19) and tunnel them outside said at least one tip (19) in order to generate electrons 
for said electron beam (15). 

20 

12. Lithography system according to claim 11, wherein said system comprises at 
least one microlens (2) to produce one light beamlet (12) directed to a mask (3) located 
in a mask location and an optical demagnifier (14) for demagnifying said light beamlet 
(12) by a predetermined factor and focusing the beamlet (12) on said electron source 

25 (7). 

13. Lithography system according to claim 11 or 12, wherein said semiconductor 
layer comprises silicon. 


!! '- / > ' ieii. .KVvidn;- i ■ am* < •! me claim * 1 ! 1-1. wherein -mi m 
' !L ' :i P ^ iront surtace with a diameter i>! 1 no nm «»r 'c^ 
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16. Lithography system according to claim 15. wherein said diameter is >0 nm or 
less. 

5 17. Lithography system according to any of the claims 11-16. wherein said semi- 
conductor layer (16) comprises a plurality of tips (19). 

18. Lithography system according to daim 17, wherein said plurality of tips have 
intermediate spaces ol less than 8 jam. 

10 

19. Lithography system according to claim 17 or i c K wherein said plurality of tips 
have heights of 8 pm or less. 

20. Lithography system according to any of the claims 1 1-19. wherein said electron 
1 5 beam (15) is generated by a magnetic and an electric field. 

21. Lithography system according to claim 12, wherein said system comprises a 
plurality of microlenses (2) to produce a plurality of light beamlets (12). 

20 22. Lithography system according to claim 21, wherein said system comprises 
between 10 6 and 10 s microlenses (2). 

23. Lithography system according to any of the claims 11-22, wherein said semi- 
conductor layer (7) has a thickness of less than 30 pm, preferably less than 100 nm. 

25 

24. Lithography system according to any of the claims 1 1-23, wherein the semicon- 
ductor layer (16) is provided with at least one hole (20) surrounding said at least one 
tips (19). 
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